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STRUCTURAL STABILITY AND OXIDATION RESISTANCE OF
SUBSTITUTE ALLOYS WITH VARIOUS Cr AND Mn LEVELS

By Je M. Oh' and Max L. Glenn?

ABSTRACT

The U.S. Bureau of Mines is conducting research on the oxidation resistance and structural stability
of Fe-(0-8)Cr-(0-16)Ni-(0-16)Mn-3.5Si-1Al alloys as potential substitutes for high-Cr stainless steels.
Oxidation tests were conducted in air over the temperature range of 600° to 900° C for up to 1,000 h.
Microstructures were analyzed at room temperature after hot rolling. The oxidation properties and the
structural stability were found to be greatly affected by the Cr and Mn levels. Although substitution of
Mn for Ni increased the oxidation rate, the Mn helped to stabilize the austenitic microstructure.
Decreasing the Cr content or increasing the Mn content produced higher oxidation rates and earlier
oxide spalling. In this study, reaction kinetics, oxide morphologies, and microstructure of the alloys were
investigated using scanning electron microscopy, energy dispersive X-ray analysis, X-ray diffraction, and
electron microprobe analysis.

!Supervisory metallurgist.
*Metallurgist.
Albany Research Center, U.S. Bureau of Mines, Albany, OR.



INTRODUCTION

Because Cr is considered a vulnerable strategic metal,
the Bureau of Mines is investigating reduced-Cr substitute
alloys. Commercial AISI Type 304 stainless steel (SS) and
similar stainless steels account for a major percentage of
the Nation’s Cr consumption (/).* Therefore, this research
is concentrated on developing a low-Cr (8 pct) substitute
for Type 304 SS (2-7). Suitable substitutes for Type 304
SS must possess good mechanical properties and good
oxidation resistance. To lower the Cr content while main-
taining the oxidation resistance similar to that of stainless
steels, elements such as Al and/or Si must be added. Be-
cause the alloys with reduced-Cr contents develop a mar-
tensitic microstructure, the desired austenitic microstruc-
ture must be stabilized in these substitute alloys by
additions of at least 15 pct Ni.

High concentrations of Cr (>15 pct) are used in
commercial stainless steels to provide a protective and self-
healing oxide surface. When the Cr content is lower than
13 pct, some of the Fe is oxidized along with the Cr,
forming a less protective layer (8). Reduction of the Cr
concentration below 10 pct results in the formation of an
inner layer of (Fe, Cr);0, and an outer layer of (Fe,
Cr),0, (9).

Aluminum-containing M-Cr-Al alloys (M = Fe, Co, or
Ni) form a continuous protective Al,O, layer or a duplex
layer of Al and other metal oxides depending upon the
temperature, oxidation environment, and the concentra-
tions of Al and Cr (10-13). Chromium in these alloys acts
either to (1) getter the oxygen, (2) stabilize the a-Al,O,, or
(3) limit internal oxidation (I4-16). Generally, such

M-Cr-Al alloys are designed for higher temperatures (i.e.,
>1,000° C), where the Cr oxide starts to form a volatile
CrO,.

The beneficial effect of Si on high-temperature oxida-
tion has been reporied by many investigators (17-25). Sil-
icon forms a thin, continuous or semicontinuous SiO, layer
at the metal-scale interface. The SiO, reduces the inward
and outward diffusion of oxygen and metal ions so that the
oxidation resistance is greatly improved.

Previous Bureau research shows that an Fe-16Ni-8Cr-
3.5Si-1Al alloy has excellent oxidation resistance at tem-
peratures as high as 900° C (4-5, 7). A mixed austenitic-
martensitic microstructure was observed in this alloy at
room temperature. Increasing the Al content of this alloy
resulted in poor fabricability and deeper penetration of
internal oxidation. When Mo was added to a similar alloy,
silicides formed that increased the oxidation resistance
(26). _

In this report, the effects of the varation of Cr,
substitution of Mn for Ni, and addition of Mo were evalu-
ated for comparison with an Fe-16Ni-8Cr-3.5Si-1Al base
alloy. Various Cr levels, from 8 to 0 pct, were examined
to determine the minimum Cr content required for oxida-
tion resistance and the effect of reduced Cr levels on
microstructure. Manganese was substituted for Ni to de-
termine its effect on stabilization of the austenite and on
oxidation resistance. Molybdenum was added because of
its known ability to stabilize austenite and to enhance
oxidation resistance.

EXPERIMENTAL PROCEDURE

Alloys were produced from electrolytic grades of Fe, Cr,
Ni, Mo, FeSi, and high-purity Al. These charge materials
were vacuum arc melted into 100-g buttons in an argon
atmosphere. The buttons were homogenized in a vacuum
for 20 h at 1,200° C and then hot rolled to 2-mm sheets at
1,100° C with 20-pct reduction per pass. The oxidation
specimens were cut from the sheets, polished to 600 grit,
ultrasonically cleaned, and then degreased with acetone
and alcohol. The 1.5- by 2-cm oxidation specimens were
placed on a quartz rack and oxidized in static air. Exper-
imental times and temperatures ranged up to 1,000 h at
600° to 900° C. The specimens were periodically taken out
of the furnace and weighed to determine the weight gain
during oxidation. After oxidation, the specimens were
analyzed with an optical microscope, X-ray diffractometer,
scanning electron microscope (SEM), electron microprobe,

3lalic numbers in parentheses refer 10 items in the list of references
al the end of this report.

and energy dispersive X-ray analyzer (EDXA). Nominal
alloy compositions are presented in table 1. The analyzed
alloy compositions showed that all alloying elements were
very close to the nominal compositions (less than =3 pct),
except for Si. Silicon was 6 to 8 pct less than the nominal
compositions.

Table 1.—Nominal alloy composition,l percent

Alloy Cr Ni Mn
A .. 0 16 0
B ottt 2 16 0
C o 4 16 0
D ot 6 16 0
E ot 8 16 0
F ot e 8 12 4
L I 8 8 8
H o 8 4 12
L e 8 0 16
B 8 8 8

'Fe-3.5Si-1Al base.
Contains 2 pct Mo.



RESULTS

The experimental results are presented in the following
three sections: (1) microstructure of alloys, (2) oxidation
reaction kinetics, and (3) oxide scale morphology and
composition.

MICROSTRUCTURE OF ALLOYS

The microstructures of an Fe-8Cr-16Ni-3.5Si-1A1 base
alloy with various modifications are shown in figures 1, 2,
and 3. Figure 1 shows the microstructures that resulted
from varying the Cr content. The alloys with Cr contents
of up to 8 pct Cr contained lath martensite. An additional
alloy containing 12 pct Cr also was produced, which had an
austenitic microstructure. The effects of a one-for-one
replacement of Ni with Mn in the Fe-8Cr-16Ni-3.5Si-1Al
base alloy are shown in figure 2. The alloy containing
12Ni-4Mn was the alloy that had the largest austenite con-
tent. The 16-Ni alloy contained lath martensite, while the
Mn-rich alloys contained sheet martensite. The micro-
structure of an Fe-8Cr-8Ni-8Mn-3.5Si-1A1-2Mo alloy is
shown in figure 3. The alloy with Mo additions was aus-
tenitic; however, the alloy without the Mo addition was
martensitic (not included in figure).

OXIDATION REACTION KINETICS

Figure 44 shows the reaction kinetics of alloys oxidized
up to 500 h at 600° C. Each data point represents a time
when the specimen was cooled to room temperature,
weighed, then replaced in the furnace. Alloys A, B, C, D,
and E had negligible weight changes; therefore, they are
not included here. Oxidation of alloys F, G, H, I, and J
obeyed the cubic rate law. The oxidation rate increased
when the Mn content increased. Additions of Mo helped
to reduce the oxidation rate. Alloy J, which contained 2 wt
pet Mo, showed better oxidation resistance than alloy G,
which had no Mo. Thermal cycling, caused when the spec-
imens were cooled for weighing, did not promote any
spalling.

Figure 4B shows the reaction kinetics of alloys oxidized
for 1,000 h at 700° C; Type 304 SS was included for com-
parison. Alloy A formed oxide blisters during 100 h of
oxidation. Alloys B, C, D, and E had extremely small
weight gains, much lower than that of Type 304 SS. How-
ever, the oxidation rate increased when the Mn content
increased. Manganese-containing alloys (i.e., alloys F, G,
H, I, and J) showed higher oxidation rates than did Type
304 SS. Alloy I, which contained 16 wt pct Mn, showed
the highest weight gains.

Figure 4C shows the weight changes of alloys oxidized
at 800° C. Alloy A formed oxide blisters during 13 h of
oxidation. Alloys B and C, D and E, and F and J had
identical reaction rates. Alloys H and I showed spalling
after 1,000 and 100 h of oxidation, respectively.

Figure 4D shows the weight changes of the alloys at
900° C. Alloys G and J showed the same oxidation rate
until alloy G (not shown in figure 4D) began to spall after
30 h. Alloy J spalled after 300 h of oxidation. The data
indicate that the additions of Mo did not improve oxida-
tion resistance but seemed to help the oxide adherence.
At 900° C, oxidation of the alloys obeyed a parabolic rate
law. More detailed explanation will be given in the
"Discussion” section.

Throughout the oxidation reaction, some general trends
were observed:

1. Oxidation rate increased with higher Mn contents.

2. There was earlier spalling with higher Mn contents
or reduced Cr contents.

3. Different rate laws were observed with different
alloy compositions and temperatures.

4. Molybdenum additions improved oxidation protec-
tion and scale adherence.

MORPHOLOGY AND COMPOSITION OF OXIDE

The morphology and composition of the oxide scale
were examined with optical microscopy, SEM, EDXA, X-
ray diffractometer, and the electron microprobe.

At 700° C, alloy A formed oxide nodules, particularly
along the edge of the specimen. Thesc nodules contained
more than 90 pct Fe as determined by EDXA. Alloys B,
C, D, and E, with 2, 4, 6, and 8 pct Cr, did not form any
visible nodules and still showed some degree of metallic
shine after 1,000 h of oxidation. Figure 5 shows the SEM
photomicrographs of the oxides that formed on alloys E,
F, G, and J after 1,000 h of oxidation at 700° C. When Mn
was substituted for Ni in these alloys, oxide nodules forma-
tion increased. Nodule size and thickness of the oxide
layer increased when the Mn content increased. Alloy E
did not form any nodules nor did it have a thick enough
oxide layer to cover the polishing grooves. Alloy F formed
oxide nodules that did not completely cover the surface.
Energy dispersive X-ray analyses of nodules and surface
areas are presented in table 2. The nodules contained
mainly Mn, while the areas between the nodules had com-
positions similar to those of the base alloy. Apparently the
Mo addition affects the oxide morphology, because alloy
J formed smaller oxide nodules than did alloy G. In these
alloys, the oxide nodules formed and grew along the pol-
ishing grooves.

Figure 6 shows an SEM photomicrograph of alloy J
after 72 h of oxidation at 800° C. The globular oxide nod-
ules protruded through the base oxide. These nodules
contained more than 95 pct Mn as determined by EDXA



Figure 1.—Effects of Cr on microstructure of Fe-Cr-16NI-3.5SI-1Al alloys.



Figure 2.—Effects of substituting Mn for Ni in Fe-8Cr-16Ni-3.5Si-1Al alloy.
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Figure 3.—Effect of Mo additions on Fe-8Cr-8Ni-8Mn-3.5Si-1Al-
2Mo alloy.

Table 2.—Energy dispersive X-ray analyses
of nodules and oxidized surfaces

Alloy Fe Cr NI Mn Si Al
700° C, 1,000 h
Flo. 71.26 7.31 8.97 810 062 3.74
o 426  11.86 71 8030 1.07 1.81
G ... 553  16.40 103  73.11 87 2.24
Ko 274 11.27 31 8463 43 61
P 5 4.41 35 9304 55 1.15
s 11.03 21.98 231 5999 1.07 3.62
800°C, 72 h
G....... 397 1617 ND 7854 ND 1.31
J o, 2374 27.19 198 4373 07 2.14
900° C, 72 h
E....... 5238 21.49 1258 ND 300 1054
Foount. 545  30.12 8 58.09 92 4.61
G....... 3.41 8.78 ND 8494 1.15 1.73
H.oooooo 71 7.62 ND 9043 33 .91
J o, 312 1565 61 7721 137 2.05

ND Not detected. 2Oxide nodule.
!Beside nodule. Oxide surface.

spot analysis. After longer exposures, these nodules grew
laterally to completely cover the outer oxide layer. X-ray
diffraction of the specimen surface was performed to fur-
ther characterize the oxide composition. This analysis
showed that alloys C, D, and E, which were oxidized for
1,000 h at 800° C, formed mainly Cr,0, and trace amounts
of ALO,. Alloys F, G, H, I, and J formed Mn,0O,, (Cr,
Mn),0,, (Fe, Mn),0;, and a small amount of Fe,MnQO,.

At 900° C, the morphology of the oxides was similar to
the morphology of the oxides formed at 800° C. Figure 7
shows the SEM photomicrographs of alloys E, F, and H
after 72 h of oxidation at 900° C. Alloy E formed Cr-rich
thin oxides, which were spalled off in some areas. Alioys
F and H formed the Mn-rich nodules, which increased in
size with increased Mn content.

Alloys F and G, with 72 h of oxidation at 900° C, were
mounted in epoxy, cross-sectioned, then examined by elec-
tron microprobe to obtain elemental profiles. Figure 8
shows the Cr, Fe, and Mn profiles of alloys F and G, re-
spectively. Chromium was distributed throughout the ox-
ide, while Mn was concentrated at the outer oxide layer.
A small amount of Fe was distributed throughout the ox-
ide layer. These observations indicate that Mn diffuses
through the oxide layer to the outer regions. More Mn
was found in the oxide when the base alloy had higher Mn
concentrations. Because of the selective oxidation, Cr and
Mn were gradually depleted about 10 to 20 pm into the
base metal.

From the analysis of the oxide layers, some general
trends were observed:

1. More Mn in base metal and/or higher reaction tem-
perature leads to more Mn in the oxide.

2. Alloys without Mn additions formed mainly Cr,0O,,
while alloys with Mn additions formed various Mn-contain-
ing oxides.

3. AlloyJ (Mo added) had more Cr and less Mn in the
oxide than alloy G (no Mo added).

4. The size of the nodules and the thickness of the ox-
ides depended upon Mn contents in the alloys.

DISCUSSION

The effects of Cr and Mn in low-Cr steels were investi-
gated based on microstructure, reaction kinetics, and mor-
phology of the oxide and base metal.

Previous Bureau research showed that an alloy that
contained Fe-8Cr-16Ni-3.5Si-1Al had excellent oxidation
resistance up to 900° C. However, this alloy was not aus-
tenitic at room temperature. The variation of Cr and Mn
contents in the alloys affects the microstructure and oxida-
tion properties of the alloys.

The microstructure of the alloys is dependent upon the
martensite-start (Ms) temperature, which controls the
transformation of austenite to martensite. Previous inves-
tigators have shown that all alloying constituents, except
Co, reduce the Ms temperature (27). Therefore, unlike
the austenite-ferrite equilibrium where some elements pro-
mote ferrite and others promote austenite, the addition of
alloying elements, except Co, inhibits martensitic trans-
formation znd promotes the austenitic stability. The
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A, Alloy E

C, Alloy G

Figure 6.—Surface morphology of alloy J after 72 h of
oxidation at 800° C. (20 kV.)

B, Alloy F

D, Alloy J

Figure 5.—Surface morphology of alloys after 1,000 h of oxidation at 700° C. (20 kV.)

results shown here are in agreement with these martensitic
transformation generalities. Because the 12-pct-Cr alloy
was the only alloy in figure 1 with an austenitic microstruc-
ture, Cr seems to enhance the stability of austenite. In
figure 3, Mo is shown to stabilize the austenitic microstruc-
ture. Furthermore, figure 2 shows that neither 16 pct Ni
nor 16 pct Mn sufficiently stabilizes austenite. The substi-
tution of Mn for Ni stabilizes the austenite for low addi-
tions (i.e., 12Ni-4Mn) but promotes the transformation
from lath martensite to sheet martensite at high Mn levels.
Such response may indicate separate Ms relationships for
the formation of lath versus sheet martensite.

The reaction kinetics and the oxide morphologies were
consistent. The alloys that showed low oxidation rates
formed thin oxide layers. Alloys without Mn additions had
small weight gains, while alloys with Mn additions had
large weight gains. The minimum Cr contents necessary
to provide oxidation resistance depcnded upom the



B, Alloy F

C, Alioy H

Figure 7.—Surface morphology of alloys after 72 h of oxidation at 900° C. (20 kV.)

oxidation temperature and time. The experimental data
indicate that approximately 2 to 6 pct Cr provided oxida-
tion protection for the alloys that did not contain Mn at
700° to 900° C in laboratory tests up to 1,000 h. However,
these Cr contents may not be enough for longer exposures
or severe thermal cyclings during oxidation in practical use.
Therefore, the addition of more Cr or lowering the oper-
ating temperature should be considered for practical use.
Since Cr is the main element to form a protective external
oxide layer, it is important to maintain amounts of Cr suf-
ficient to reform a protective layer when the oxide layer
is cracked.

Substitution of Mn for Ni causes a significant change in
oxidation rate and oxide morphology. Manganese is used
as an impurity getter during steelmaking; it stabilizes the
austenitic microstructure; and it is cheaper than Ni. Al-
though partial Mn substitution for Ni helped to increase
austenite content in the alloys, Mn substitution for Ni was
detrimental to oxidation protection. The rapid diffusion of
Mn ions through the oxide creates vacancy gradients to
increase the oxidation rates. Although alloy F showed a

somewhat higher oxidation rate than did Type 304 SS at
700° C, the oxidation rate was acceptable. Alloys that con-
tained 4 wt pct Mn or more showed oxidation rates higher
than Type 304 SS and had less austenite content. There-
fore, alloys G, H, and I may not be suitable for practical
use. ;
Molybdenum has been known to lower the Ms temper-
ature and hence stabilize the austenitic microstructure.
The addition of Mo in this investigation was very effective
in improving the oxidation resistance and increasing the
austenite content of the alloy. Also, Mo has been known
to decrease the diffusion of metal ions through grain
boundaries, as well as the lattice, because of the size effect
(28). Consequently, a slow oxidation rate was observed in
previous investigations (7, 26). In this study, alloy J, which
contained 2 wt pct Mo, showed higher austenite content
and better oxidation resistance than alloy G, which
contained no Mo.

The oxidation rate laws depend upon the alloy compo-
sitions and reaction temperatures. Alloys A, B, C, D, and
E had extremely small weight gains at lower temperatures
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Figure 8.—Concentratlon profiles near metal-scale Interface after 72 h of oxidation at 900° C by electron microprobe.

(600° and 700° C); therefore, it was not possible to de-
termine which rate law applied. These alloys clearly obey
parabolic rate laws at 900° C. This temperature is high
enough to form considerable Cr,0,, The Cr content
seems to have an effect on the oxide adherence. The
lower Cr-containing alloys had earlier spalling.

Alloys F, G, H, 1, and J have slopes ranging from 0.34
to 0.4, which means that these alloys obey or are close to

cubic rate law kinetics. The cubic rate law is observed in
high-temperature oxidation of alloys when the composition
of the oxide scale changes with time. The data show that
these alloys form various oxides and the oxide composi-
tions do change with time. Indeed, more Mn-containing
oxides were observed with longer oxidation.

CONCLUSIONS

The microstructures and oxidation properties of the
alloys were greatly affected by the concentrations of alloy-
ing elements. Several features were observed with various
Cr and Mn levels in the alloys tested:

1. When Cr concentration increases, the alloys show
better oxidation protection, less weight gain, and better
oxide adherence.

2. When Mn is substituted for Ni, higher oxidation
rates and earlier oxide spalling are observed with higher
Mn content. However, addition of 4 wt pct Mn helps to
stabilize the austenitic microstructure.

3. Addition of Mo into the alloy improves oxidation
protection and stabilizes the austenitic microstructure.
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